ABSTRACT Wear analysis has been carried out on aluminum tube in parallel triangular tube bundle with P/D ratio of 1.45 and the baffle plate placed at the mid-span of the bundle. The cross-flow velocity of water ranges from 0.18 m/s to 0.55 m/s. For each flow velocity, tests were performed on five different flow velocities and three-time spans (tube-baffle interaction) i.e., 30, 60, and 90 min. The experiments were designed in a unique way to study the relationship between cross flow velocity and tube baffle interaction time with wear produced on the tube surface. This is the first study of its kind in which wear analysis of a flexible tube has been done in the water tunnel to simulate the real environment of the heat exchanger tubes. The vibration response of the monitored tube was acquired using a tri-axial wireless accelerometer. A Scanning Electron Microscope (SEM) was used for the measurement of wear sizes. It was observed that the transverse amplitude rises significantly at higher velocities as compared to streamwise amplitude results in significant wear in the transverse direction. The wear sizes also tend to increase with the cross-flow velocity and become prominent at higher velocities. A similar trend has been observed for the wear area and wears volume. Also with the increase in the tube-baffle interaction span, the wear scar tends to be deeper and wider significantly at higher velocities.
I. INTRODUCTION
Heat exchangers are one of the most important components of process and petrochemical industries and are thus part of ongoing research for the past five decades to improve their design and increase their performance. Shell and tube type heat exchangers are the most common form of heat exchangers used in industries. Shell and tube type heat exchangers generally have baffles that provide support to tubes and increase structural rigidity and thermal efficiency as well as in some cases direct the flow. Flow-induced vibrations in heat exchangers cause tube-to-support interaction. This interaction causes the failure of the heat exchanger tube bundle due to wear.
Heat exchanger tube bundles are composed of generally thin and long tubes supported at the end. As the tubes have a
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During the operation, a tube bundle goes under a complex system of forces that produces vibrations in the tubes. Fluid flow is responsible for making vibration and noise problems that hinder the smooth running of the plant operation. Vibrations that arise because of fluid flow are called ''FlowInduced Vibrations'' (FIV). It has been established that forces in a fluid may vary due to a number of reasons and when an obstacle is placed in their path, they may cause its vibrations. During vibration, slippage occurs between the tube and the support contact. A slip can cause tubes to be worn out which may lead to failure. For example, a leakage in the fuel tubes in a heat exchanger caused by wear can lead to the release of dangerous gases in the fluid flow. Wear causes thinning of tubes which results in loss of structural integrity which ultimately causes loss of power control. It is thus always recommended to control the wear rate of the tubes. Theoretically, such wear can be removed by moving the support with the tube, however, the design conditions restrict doing so. During heat exchanger operation the tubes being made of metal, grow according to its coefficient of thermal expansion because of high temperature and irradiation effect in the exchanger. The tube contacts are supposed to have a considerable allowance to compensate for the growth of tubes, so generally, a small gap is employed or a contact force less than which prevents the tubes from growing. Wear is often more characteristic, severe and detrimental in the presence of a gap as found in research [1] . A sliding and impact mechanism instead of only a sliding mechanism was considered and investigated to explain elevated wear rates when a gap was present. Steam generator heat exchanger tubes wear show a flow induced fretting wear problem. There are several wear mechanisms and it is found that usually more than one wear mechanism is involved in particular wear. Still, adhesion and abrasion could be regarded as primary fretting wear. Adhesion initiates fretting wear and abrasion occurs once the particles are oxidized [2] . Particle dispersion has a considerable effect on the fretting wear rate. Since 1970's Blevins and other researchers have started exploring the wear phenomenon in tube bundle of the heat exchanger and steam generators. Their research has resulted in valuable information about understanding wear mechanisms.
An important aspect for engineers and designers is to estimate the overall life of a structure. Meng and Ludema [3] have summarized the existing wear models. It has been found through literature that weight loss, wear of depth and volume are the three most important parameters for wear study as these parameters determine the severity of the wear. During the nuclear component modeling, one of these parameters i.e. wear volume parameter is used that led to the development of ''work rate model'' which in turn is used to find out the wear in the tubes that are used in nuclear steam generator [4] and nuclear fuel tubes [5] . This is given as Eq. (1)
where,V is the time rate of increase of wear volume andẆ is the rate of work and K is termed as the coefficient of wear and its dimension is Pa −1 . However, tube thickness reduction is directly linked with the rigidity of the structure and fuel integrity is steam generators. Therefore, the depth of wear can be regarded as a more critical parameter as compared to wear volume. The wear depth instead of wear volume can be regarded as a more critical parameter since the perforation of the tubes as well as the structural rigidity and integrity of the fuel or steam generator tubes is directly related with the reduction in thickness of the tubes. The maximum wear depth is likely to be localized arbitrarily as the collision of each tube is slightly different than the rest of the tubes in the bundle based on their location thus making it difficult to determine the maximum depth easily [6] . The arbitrariness of the maximum depth location can also be explained if considered a locally different wear mechanism. A development of parameter that can define the degree of wear accurately and with appropriate severity is the current need, so that cases where thickness reduction is of particular concern can be dealt with accordingly. Components of a cross-flow heat exchanger include a baffle placed along the tubes which makes the tubes flexible. Generally in heat exchanger designing, when the size of the heat exchanger is increased, the fluid velocity on the shell side also increases because of which the heat transfer rate increases. Therefore, clearance in the tube bundle baffles is kept for the expansion of the tubes during the process. That clearance produces flow-induced vibration in the tube bundle with high amplitude past a critical velocity of fluid flow. Due to these problems fretting wear and necking type failures occur in the tube bundle. The earlier studies on fretting wear by Connors [7] , Blevins [8] and Ko [9] predicts interesting results. The study by Connors provided a formula for wear scars of pyramidal and crescent shapes, but some other shapes like oblique and flat wear scars were not part of his research. Au-Yang [10] carried out research on tubes used in the steam generator and observed the phenomena of flow-induced wear, and a comparison was made between his results and actual operations. He considered the effects caused by the gap between the tubes. By calculating the time rate of depletion of the thickness of the tube wall, he concluded that the fluid elastic force is also responsible for the wear phenomena along with turbulence excitation. Fretting wear caused by turbulence excitation in heat exchanger tube bundle was studied by Yetisir et al. [11] and a work rate criteria were presented in this study to calculate this damage. [12] carried out research on heat exchanger tubes and calculated wear between two mating components because of the interactions between the tubes and support plate.
II. WEAR MODELS
A number of wear models related to tube bundles have been proposed by researchers. Each wear model has its own assumptions and conditions. Therefore, no general model of wear is readily available. Archard [13] in 1953 published a wear model mainly considering of adhesive wear phenomenon that can be presented in its simplest form as Eq. (2).
where V is wear volume, P is a normal force on the surface, L is sliding distance, H is material hardness and K is wear coefficient (10 −1 to 10 −10 ). This model has dominated on both theoretical and experimental analysis of wear phenomenon and is widely studied. The Archard model originally for adhesive wear was later intended to both wear mechanism analysis such as abrasion fatigue wear and corrosion. Normally at the location of the tube supported with baffles, the wear occurs due to the fretting contact between the outer side of the tube and inner side of the baffle hole. It is generally expected that the round wear scar should produce on the tube surface at the support location. In this case, the wear depth (h) can be calculated from Eq. (3) [14] 
where V is wear volume, d is the diameter of the tube and w is the width of the baffle plate. In case of round wear scar, the wear depth has an almost linear relationship with the wear volume. The main reason for this kind of wear scar is due to the orbited motion of tube at support plate. Jain and Bahadur [15] developed a sliding wear model of polymeric materials based on fatigue and topography of the sliding surface. The model has two assumptions.
• The deformation in the contact zone is mainly of an elastic nature.
• Both the sliding surfaces have roughness.
There are basically four equations to demonstrate the model. Firstly the real contact is determined by Hertzian equation for each individual asperity. The Hertzian equations for the elastic contact provided as Eq. (4-7)[15].
where γ is poison's ratio, ω is the compliance, β is the radius of spherical asperity, E is elastic modulus and P 1 is the normal load. Greenwood and Williamson [16] extended the above single contact equations to the case of contact between a rough and a smooth surface. By normalizing with respect to the standard deviation of the asperity height distribution, the equations are presented in Eq. (8) (9) (10) .
where, n• is discrete contact zones, A r is the area of real contact, P is load, η is the surface density of asperities, A 0 is the nominal area of contact and σ is the standard deviation of the asperity height distribution. The generalized function F n (h) is defined as Eq. (11)
If the two rough surfaces are in consideration, then β and σ are to be modified as given in Eq. (12) and Eq. (13) respectively.
The subscripts 1 and 2 refer to the two contact rough surfaces. Hamilton and Goodman [17] suggested that the two principal stresses are largely compressive in nature. The third principle stress is of tensile nature and it is this principle stress that is mainly responsible for the generation of crack and leads to fatigue failure. So they derived the equation for tensile stress for the fatigue failure Eq. (14) .
where S is tensile stress, γ is Poisson's ratio, µ is friction coefficient, P 1 is Load and a 1 is contact radius. The P 1 and a 1 could be determined from Eq. (15) (16) provided that the average size of each micro contact is nearly constant for elastic contact situation [18] .
Substituting these two values in Eq. (14) then the expression of tensile stress is given by Eq. (17)
where
To determine the failure in an asperity, the bulk fatigue property of material was represented by Wohler's curve, presented in Eq. (19) [19] .
where, N f is number of cycles to failure, S 0 is failure stress, S is applied cyclic stress and t is material constant. To find the number of cycles for which failure occurs is given as Eq. (20) .
The wear work rate V R and wear volume V is summarized as Eq. (21) and Eq. (22) respectively.
where The model proposed by Lin and Cheng [20] is the dynamic wear model. This model holds in it the dynamic aspect of the wear process. The basic equation of this model is given as Eq. (24).
where F is forcing term induced by sharing of asperities, U is wear resistance of the material, W R is wear volume/unit sliding distance and K is dimensionless constant. For the rough surface, the shear force F is expressed by an average shear force on all the asperities in the possible contact area.
Mathematically it can be expressed as Eq. (25). The wear resistance U can be represented as Eq. (26).
where A 0 is normal area, h is asperity height, φ i (z) is proportional function of asperity height distribution and δ i (x, y, z) is flow strength to assist elasticity or plasticity. The model can be reduced to Achard model where adhesive wear is under account [20] . Also, the published data suggests that this model is very suitable for non linear wear behavior. Magel [21] originally formulated this model to accounts for wear produced by sliding a hard sphere on a flat surface. But later, after experimentation and simulations, this model was found suitable to be applied on a heat exchanger tube bundle. The model is based on the principle that when a relatively hard surface is pressured against a soft surface, the contact pressures may exceed the elastic yield point and plastic deformation will commence. As the cycle goes on, the geometry of the surface starts resembling just like indenter marking on the surface. If the pressurre beneath the spherical surface (like indenter) does not increase the shakedown pressure p s o , the material deformation stops. The total force applied by the indents on the surface is given as Eq. (27).
As the contact between the indenter and soft surface is considered to be line contact so,by Hertzian contact theory expressed in the form Eq. (28-31).
where, P is load/length, ρ is longitudinal curvature and R L is radius of indenter. By using the above Eq.(28-31), the Magel [21] derived the final equation of total force of indenter.
Magel extended his model to non-smooth surfaces in sliding [21] . According to his experimental results, the single indentation geometry is well presented using this model. But multi-asperity model overestimates the wear volumes.
In summary, a number of models have been proposed to estimate the wear produced on metal surfaces with different operating conditions. Although the nature of wear due to tube-baffle interaction is quite similar to other metal-metal VOLUME 7, 2019 wear, experimentation is required more often to understand the complete wear phenomenon. Because of this, the current study focuses on the experimental study of the wear produced due to vibration interaction between the tube and baffle plate at different velocities and interaction spans.
III. EXPERIMENTAL SETUP
Experimentation has been completed on the low speed closed channel water tunnel with the range of speed from 0.18 to 0.55 m/s in the test section. The tunnel was designed and developed by Flow-Induced Vibrations Research Group (FIVRG) at University of Engineering and Technology Taxila. The test section of the rig is made up of acrylic plates and the material used for converging and diverging part is metallic. The experimental setup has been presented in Fig. 1 .
The test section has dimensions of 200 mm × 100 mm and is made up of acrylic plates that are screwed together. A 10 HP centrifugal pump and 200 gallons water tank is used to maintain the closed loop water flow. The main valve (Valve 1) and bypass (Valve 2) are given to control water speed in the test section up to its maximum value of 0.55 m/s with each increment of 0.09 m/s Fig. 2 . An ultrasonic flow meter (Doppler type) was mounted in the test section to measure the upstream speed of the water. Because of its working nature, the flow measuring transducer was mounted on the external surface of the test section. Water is drawn from the water tank, accelerated and passed through the test section. The deliberately structured flow straightener guarantees a uniform speed distribution with the intensity of turbulence less than 3%. The tube bundle under investigation was mounted in the test section while the flow medium water was set in motion, thus the desired flow around the tubes in a tube bundle was generated. The drawing and picture of tube bundle have been presented in Fig. 3 .
To monitor the vibrations in stream-wise (Y, in the direction of flow) and transverse (X, perpendicular to flow) direction the wireless tri-axial accelerometer was mounted on the monitored tube. The monitored tube is suspended with the help of piano wire of 0.2mm thickness with the tensioning mechanism provided to adjust the natural frequency of the monitored tube. The natural frequency of the monitored tube was tuned to 8±0.1 Hz. In order to capture the vibration response of the monitored tube in crossflow, the accelerometer was mounted on the top of the monitored tube. Two acrylic plates were used to support the whole assembly while one of them was used to hold the rigid tubes and the other used to hold the tensioning mechanism Fig. 4(a) . Table 1 The monitored tube was removed from the tube bundle and a total of 15 samples were prepared for three different time spans (30 minutes, 60 minutes and 90 minutes) and five different velocities for measurement of length and width of wear scar in SEM. A new technique was used to measure the depth. Cross surface profiles of various samples of known wear depth on similar tube material were captured by using SEM. A calibration curve was plotted on the base of these measurements. A conversion factor was deduced from the calibration curve i.e. (1 Adu = 0.3055 µm). The wear depth of wear scars formed in the experiments was estimated on the base of the conversion factor. The complete analysis has been discussed in section IV.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. VIBRATION ANALYSIS Fig. 6 presents the vibration signals of the stream-wise and transverse direction of the tube for a velocity of 0.18 m/s (lowest) Fig. 6(a, b) and 0.55 m/s (highest) Fig. 6(c, d) and Fig. 7 presents the RMS amplitude response of the tube with an increase in the crossflow velocity.
It can be seen that at a velocity of 0.18 m/s, the tube vibrates with the smaller amplitude as compared to transverse amplitude which is slightly higher Fig. 6(a, b) .This difference between amplitudes in both directions is significant at a velocity of 0.55 m/s with a transverse amplitude about 5 times that of stream-wise amplitude Fig. 6(c, d) . The Fig. 7 shows a more elaborated view of the tube response. It can be seen that the stream-wise amplitude shows a small rise in amplitude as the cross-flow velocity increases, however, for the transverse direction the amplitude rises significantly after the velocity of 0.27 m/s and continues to rise with the cross-flow velocity and reaches a maximum RMS amplitude of about 5 m/s 2 at the maximum velocity.
Although at first, it seems that the transverse amplitude value represents the magnitude of tube vibration but in fact, it may be due to impacting of the tube with the inner surface of the baffle hole. This results in significant wear produced at high velocities and predominantly in the transverse direction. So the acceleration amplitude seems to have a strong relationship with the wear produced in the tube, which has been further discussed in the later sections.
B. SCANNING ELECTRON MICROSCOPE (SEM) IMAGES AND WEAR PROFILES
The scanning electron microscope (SEM) images and the wear profiles of the tube for different durations at the maximum velocity of 0.55 m/s have been presented in Fig. 8 .
The analysis of the wear profiles and the corresponding wear characteristics suggest that the wear width tends to increase with the time span between the tube and the baffle. Also, the wear depth tends to follow the same pattern.
It can be observed in wear profiles, there are relatively small profile peaks visible for the duration of 30 minutes and 60 minutes Fig. 8(a, b) . This corresponds to a relatively small wear depth. But for 90 minutes duration, a sharp profile with relatively higher peaks can be seen that indicates the high wear depth Fig. 8(c) .
C. INVESTIGATION OF THE WEAR SIZES 1) WEAR LENGTH
The variation of wear length has been presented in Fig. 9 . It can be seen that the wear length increases gradually with the increase in the cross-flow velocity. For the 30 minutes of interaction between the tube and baffle, the wear length was around 0.4×10 3 µm at a velocity of 0.18 m/s and 0.27 m/s. However, a significant rise has been observed when the velocity was increased beyond 0.27 m/s with maximum wear length reaching to about 0.96×10 3 µm. This trend has also been observed for the other two time spans i.e. 60 minutes and 90 minutes, except the maximum wear length for 60 minutes 77810 VOLUME 7, 2019 time span is about 1.1 × 10 3 µm and 1.26×10 3 µm for a time span of 90 minutes.
It is also very important to note that the slope of the trend line seems to be increasing as the time span increases. The slope determined based on the trend line is 1618 (µm/ms −1 ) for 30 minutes time span, 1834 (µm/ms −1 ) for 60 minutes and 3010 (µm/ms −1 ) for 90 minutes. The difference in the slope of the trend lines suggests that the wear length tends to increase significantly as the time span increases.
2) WEAR AREA calculated from the wear length and width. As it can be seen that there is no significant difference in the wear area for all three durations up to cross-flow velocity of 0.37 m/s justified by the small amplitudes of vibration and thus less tendency of the interaction between the tube and the baffle. However, when the velocity crosses the value of 0.37 m/s, the wear area tends to increase significantly with an increase in the crossflow velocity. Also, it is very important to note that beyond the velocity of 0.37 m/s, the trend of wear area is distinct for each duration. When the monitored tube reaches near the stability threshold related to fluidelastic instability (as in the case of 0.37 m/s), the vibration orbit of the tube tends to shift from random to organized elliptical orbits with the major axis aligned along the transverse direction. Due to this behavior, the contact time as well as contact area between the tube and baffle tends to increase significantly. As a result, there is also a significant rise in wear width apart from the wear length and in turn increase in the wear area even before the stability threshold.
In fact, a maximum value of about 170 × 10 −3 mm 2 of wear area has been observed for the maximum duration (90 minutes) and a minimum value of about 130 × 10 −3 mm 2 for 30 minutes duration.
3) WEAR VOLUME
Based on the estimation of the depth from the analysis of wear scars from the scanning electron microscope (SEM) images, a wear volume analysis has been carried out to investigate its relationship with the three different durations and five different velocities. Fig. 11 and Fig. 12 presents the trend of wear volume of the tube for different durations and velocities respectively.
The analysis suggests that the wear volume shows an increasing trend with the increase in the velocity. For the duration of 30 and 60 minutes, there is no significant difference in the behavior of the wear volume even at high velocities with the maximum value approaching about 1×10 −3 mm 3 , but for the 90 minutes duration the behavior tends to be distinct and shows a significant rise in the wear volume which is about 35% larger as compared to the other two durations as presented in Fig. 11 . The analysis also suggests that at the maximum velocity of 0.55 m/s even at 30 minutes duration there is a relatively higher value of wear volume which otherwise is very small for lower velocities. Based on the current analysis a linear trend cannot be expected between the wear volume and the time span between the tube and baffle. A comprehensive study is required which should include the wear analysis for long durations in order to confirm this wear behavior of the tubes.
A comparison has been presented between the parameters of the current experiment and the experiment conducted by Kim et al. [6] Table 2 . They presented a relationship between the wear area and the wear volume for the nuclear fuel rod with different conditions. The trend between the wear area and wear volume is also presented for both experiments (current and Kim et al.) Fig. 13 . The trend for the aluminum tube for low wear area seems to be very similar to a nuclear fuel rod but as the wear area increases, there is more acceleration in the wear volume for the aluminum tube as compared to nuclear fuel rod. This may be due to the material properties of the specimen itself Table 2 .
Aluminum is relatively softer thus has a high wear acceleration, whereas a nuclear fuel rod (Zircaloy-4) is generally very hard, that is why there is no accelerated rise in the wear depth which is actually confirmed by the current comparison. From the current comparison, the slope of the trend line also shows the rate of wear produced in both the specimens.
V. CONCLUSION
From the current study the following conclusion can be made:
The transverse direction amplitude rises significantly after the velocity of 0.27 m/s and continues to rise in the cross-flow velocity at the maximum velocity of 0.55 m/s. Significant wear has been produced at higher velocities predominantly in the transverse direction. Wear length increases gradually with the increase in the cross-flow velocity but has a distinct pattern for each time span. The slope of the trend lines for wear length variation increases as the duration of interaction between the tube and baffle hole increases.
Analysis on wear area suggests that there is no significant difference in the wear area for all three durations up to cross-flow velocity of 0.37 m/s, but when the velocity crosses this value the wear area tends to increase significantly with the increase in the cross-flow velocity. For the duration of 30 and 60 minutes, there is no significant difference in the behavior of wear volume even at high velocity, but for the 90 minutes duration, the behavior tends to be distinct and shows a significant rise in the wear volume.
